Introduction
Human immunodeficiency virus type 1 (HIV-1) is a complex retrovirus that contains several auxiliary (nef, vif, vpr and vpu) (Subbramanian & Cohen, 1994; Trono, 1995) and two regulatory (tat and rev) genes in addition to the structural genes common to all retroviruses (gag, pol and env) (Barr6-Sinoussi et al., 1983; Gallo et al., 1984; Levy et al., 1984; Ratner et al., 1985; Sanchez-Pescador et al., 1985; Wain-Hobson et al., 1985) . The nef gene product (Nef) is encoded by an ORF located at the 3' end of the viral genome, partially overlapping the U3 region of the 3' LTR. Two forms of Nef are known to exist, namely a myristoylated 27 kDa protein and an unmyristoylated 25 kDa protein lacking the N-terminal portion of the protein. Myristoylation is necessary for the association of Nef with the cytoplasmic membrane. This coding region is conserved among all strains of HIV-1, HIV-2 and simian immunodeficiency viruses (SIVs).
HIV-1 infection leads to a profound deficiency of CD4 + T cells during the long latent period; this deficiency leads to the development of AIDS. The cytopathic effects of HIV-1 on infected cells have been suggested to involve priming a series r Author for correspondence: Akio Adachi Fax +81 886 33 7080. e-mail adachi@basic.med.tokushima-u.ac.jp of processes leading to apoptosis (Meyaard et al., 1992) . Recent data suggest that T cell killing by HIV-1 infection is a direct result of T cell destruction (Miedema et al., 1990; Weiss, 1993) , and not of a failure of T cell replacement (Ho et al., 1995; Coffin, 1995) . On the other hand, only I in 1000 to I in 10000 lymphocytes are productively infected with HIV-1 (Harper et al., 1986; Schnittman et al., 1989; Embretson et al., 1993) and the production rate of HIV-1 is much lower than the destruction rate of lymphocytes in infected individuals (Ho et al., 1995) . These data indicate that not only infected but also uninfected CD4 + T cells die in AIDS patients and that the mechanism of HIV-l-induced cell killing is complex.
Recently, it has been reported that contact between HIV-1-infected T cells and uninfected CD4 + T lymphocytes induces cytolysis for both cells and that the cytolysis does not need any priming of CD4 + T cells and is not restricted by MHC (Heinkelein et al., 1995) . We have recently shown in vitro that Nef protein induces a remarkable cytotoxic activity against CD4 + Molt4 clone 8 cells (Y. Fujii et al., unpublished results) . These results raised the possibility that Nef is at least partially responsible for the death of CD4 + T lymphocytes following interaction between infected and uninfected cells.
In this study, we have demonstrated that HIV-1 Nef expressed on the insect cell surface induces rapid cytolysis of unstimulated CD4 + T cells without MHC restriction.
Hethods
• Cells. Six human CD4 + T cell lines were used Molt4 (Minowada et al., 1972) , Molt4 clone 8 (Kikukawa et al., 1980) , CCRF-CEM (Foley et al., 1905) , M10 (Yunoki et al., I991) , H9 , and Jurkat (Schneider ef al., 1977) . A human erythroleukaemia cell line, K502 (Lozzio & Lozzio, 1975) , a human monocytic cell line, U937 (Ralph et al., 1976) , a human B cell line, Raji (Pulvertaft, 1965) and a murine myeloma cell line, PdXOdAgS.653 (Keamey et aI., 1979) were also used. These cell lines were maintained in RPMI-I640 medium supplemented with 10% heatinactivated fetal bovine serum (FBS) and 100 ,g/ml streptomycin and 100 IU/ml penicillin. The CD4 + and CD8 ÷ T cells from peripheral blood mononuclear cells (PBMCs) were prepared by centrifugation on FicollHypaque, filtration through a nylon wool column and a panning selection, as described previously (Otake et al., 1994) . The CD4 + and CD8 + T cell fractions contained 99" I-I-5 % CD4 + and 1"0 q-0"5 % CD8 +, and 90"9 q-2 % CD8 + and I'5 -I-0"4 % CD4 + cells, respectively, which was determined with OKT4 and OKT8 monoclonal antibodies (MAbs).
• Antibodies. Three murine MAbs to Nef, designated F1, E7 and E9, were used (Otake et al., I994) . MAbs in ascites fluid were used for all experiments after purification by Sephadex G-200 chromatography of the precipitates with 40 % ammonium sulphate. Hyperimmune rabbit sera against Nef were also prepared and the IgG fraction was collected on a Protein A-Sepharose column (Pharmacia-LKB). The MAbs to HIV-1 Env gpI20 and Gag p24 were purchased from Repligen. The OKT4, OKTS, OKB7 MAbs, OKT4 conjugated with FITC, and OKT8 conjugated with phycoerythrin (PE) were purchased from Ortho Diagnostic Systems.
• Plasmid construction and protein expression. Preparation of the recombinant viruses from plasmids, t-nef from pAcnef-1 (Fujii et al., 1993) [nucleotides (nt) 8473-9192 of the HTLV-III genome] (Rather et al., 1985) , env from pAcenv (nt 5801-8474), gag-pol from pAcYMIGP (nt 710-3864), gag from pAcp55s (nt 710-7463) (Overton et al., 1989) , and lacz from pAcRP231acz (King & Possee, 1992) were described previously. The PCR-amplified BarnH1 (5') and HincII (3') fragment of nef (nt 8343-8964) from pNL432 (Adachi et al., 1991) in Bluescript II SK + plasmid encoding the entire Nef (Otake ctal., 1994) were filled in using Klenow polymerase and ligated into blunt-ended BamHI-cut pAcVLI393 (Invitrogen) (pAcnef-0). The MstII fragments of rev (nt 5549-5625, 7956--8230) encoding the entire Rev from pCV-1 (Arya et al., 1985) were filled in and ligated into pAcYM-1 plasmid (Matsuura et al., 1987 ) at the blunt-ended BamHI site (pAcrev). The BamHI fragments of sCD4 (Hussey et al., 1988) in pUC119 were cut with RsaI, and the XhoI-HindIII fragment of nef in pCV-I were inserted into the digested plasmid (pUCs-nef~. The BarnHI fragment encoding a signal peptide of CD4 and N-terminally truncated Nef were ligated into the blunt-ended BamHI site of pAcVL1393 (pAcs-nef). The nef, rev and s-nef recombinant viruses were prepared by cotransfection with the pAcnef-0, pAcrev or pAcs-nef and wild-type Autographa californica nuclear polyhedrosis virus (AcMNPV), respectively. Expression of each recombinant protein was determined by the immunoblotting method. Myristoylated Nef was analysed by metabolic labelling with [dH]myristic acid as described previously (Overton ef al., 1989) .
• Flow cytometry. Flow cytometry was performed essentially as described previously (Otake et at., 1994) . Insect cells were infected with recombinant baculoviruses at an m.o.i, of 5"0 p.f.u, per cell and were incubated in TC100 medium supplemented with 10% heat-inactivated FBS for 30 h at 28 °C. After incubation, cells were harvested and assayed by flow cytometry (EPICS-XL). For the measurement of cell surface expression of HIV-I proteins, dead cells were gated-out by forv~ard scattering (FS) and side scattering (SS) and the remaining cells were analysed with the use of a histogram.
• Cytotoxicity assay. Cytolytic death of T cells was determined by the method of Slezak & Horan (1989) . The surface of target cells (1 x I0s-8 x 10 e) was labelled with a fluorochrome, PKH-2 (Zynaxis Cell Science). Effector insect cells (1 x 10 ~) expressing recombinant HIV-1 proteins were prepared as described above. For naive T cells, 25 U of human recombinant interleukin-2 (rIL-2) (Genzyme) was added to the culture medium. The effector and target cells were cocultured in I ml of RPMI1640 medium (pH 6"5) supplemented with 10% heat-inactivated FBS for 4-16 h at 37 °C under 7"0% CO 2. For assay of cytotoxicityinhibiting activity of MAbs to Nef or Nef-binding protein (BP), twofold dilutions of the MAbs were added to both cell mixtures during the coculture. Harvested cells were stained with I x 10 -6 M propidium iodide (PI) and analysed by flow cytometry. The effector insect cells were gatedout by FS and SS, and incorporation of PI into PKH-2-1abelled target cells was analysed with the use of histograms. Percentage of specific cell death = {experimental incorporation of PI (%) -spontaneous incorporation of PI (%)/100 (%)-spontaneous incorporation of PI (%)} x 100.
• Immunoblotting. Immunoblotting was performed essentially as described previously (Otake ef al., 1994) . In brief, SDS-PAGE gels were electrophoretically blotted onto polyvinylidene difluoride membrane sheets. The proteins on the sheet were incubated with rabbit antisera or MAbs for 2 h at room temperature. After washing the sheet, the bound Abs were detected using alkaline phosphatase-labelled goat anti-rabbit immunoglobulin (Zymed) or goat anti-mouse IgM (Cappel) for i h at room temperature. The enzyme reaction was allowed to proceed with 1-naphthyl phosphate and Fast Blue BB salt (Sigma) in borate-NaOH buffer (pH 9"7) at room temperature for 10 min.
Results

Cell surface expression of the C-terminal domain of Nef in the presence of Env or Gag
We previously showed, using anti-Nef MAbs, designated E7, E9 and F1, that the C-terminal domain of HIV-1 Nef was predominantly expressed on the surface of infected cells (Fujii et aI., 1993; Otake et al., 1994) . To confirm this and to exclude the possibility of this being a superantigen, which is restricted by MHC, adherent Sf9 (Spodopfera frugiperda) cells were infected with recombinant baculovirus expressing full-length myristoylated Nef, or coinfected with the Nef recombinant virus and Env gp160 or processed Gag recombinant virus. Cell surfaces were examined for localization of Nef by flow cytometry using anti-Nef MAbs E7, E9 and F1, When Nef was expressed alone, the protein was not found on the cell surface (Table I and Fig. 1 ) but was present inside cells as revealed by immunoblotting with rabbit anti-Nef serum (Fig. 2) . In contrast, when Env or Gag was co-expressed, Nef was found on the cell surface as shown in Table 1 and Fig. 1 . Cell surfaces of insect cells expressing either Nef plus Env or Nef plus Gag were positively stained with MAb E9 recognizing the Nef epitope located at amino acid residues 158-206, more heavily with MAb E7 recognizing the C-terminal residues 192-206, but not with F1 which recognizes residues 148-157. Gag was not found on the cell surface, although p24 Gag was detected in Table 1 the cells by immunoblotting with anti-Gag p24 MAb (Fig. 2) . Surfaces of cells expressing signal sequence-bearing and N-terminally truncated Nef (s-Nef) were strongly stained with E7, E9 and F1 (Table I) . On the other hand, cells expressing either Nef plus Gag precursor, Nef plus Rev, or Nef plus /~-galactosidase were not recognized by the anti-Nef MAbs (Table 1) . Cells expressing the N-terminally truncated and unmyristoylated Nef (t-Nef) did not react with any of the three MAbs (Table I and Fig. i 2). These results indicated that cell surface expression of Nef was dependent on co-expression of Env or Gag and that the Cterminal domain of Nef was expressed on the cell surface, as found for HIV-l-infected cells (Fujii et al., 1993; Otake et al., 1994) .
To determine whether the level of Nef expression posi~iveIy correlated to that of Env, insect cells were coinfected with nef and env recombinant baculoviruses at various ratios (Fig. 3) . The degree of correlation was calculated from the data of cell surface expression of each protein determined by flow cytometry using anti-Nef MAb E7 and anti-Env gp120 MAb. The regression line drawn from the data obtained was y = 0'6012x + 0"445, the correlation coefficient was 0"86. These data show that the expression of Nef on the cell surface was in parallel with that of Env.
Cytotoxicity against CD4 + T cells by the C-terminal region of HIV-1 Nef expressed on the insect cell surface
To exclude the possibility that this effect was an MHCrestricted immune reaction, such as that with a superantigen, we used insect cells for our cytotoxicity test. It has been reported that cocultivation of human HeLa CD4 + cells with insect cells infected with a baculovirus recombinant expressing HIV-1 Env resulted in extensive cell fusion (Wells eta] ., 1991). Insect cells expressing Nef on the cell surface were cocultured with Molt4 clone 8 cells for 4 h and cytotoxicity was determined. Effector cells expressing Nef plus Env and Nef plus Gag showed significant cytotoxicity against T cells (71"4% and 73"8 %, respectively; Table 1 ). In contrast, cytotoxicity by the cells expressing Nef alone, which was not present on the cell surface, was negligible (4"3 %), similar to that for target cell control (3"3 %) ( Table 1) .
To characterize this cytotoxic reaction further, we examined the kinetics of cytolysis by Nef-expressing insect cells. Cytotoxicity was examined using effector insect cells expressing Nef plus Env or Nef plus Gag and target PKH-2-1abelled Molt4 clone 8 cells. Cytolysis was determined at 4 h post-coculture at the E:T ratio of 1 : 1 in presence of the purified anti-Nef MAbs (E7, E9 or F1 ) or control normal mouse IgM (at a final concentration of 36, 42, 63 or 1 O0 I~g/ml, respectively). Fig. 4 (a) shows that the cytotoxic effects of cells expressing Nef plus Env and Nef plus Gag reached a plateau by 4 and I2 h of the incubation period, respectively. Effector cells expressing Nef alone again showed a marginal cytotoxic effect. To determine the dose-response relationship, effector and target cells were incubated at various ratios (Fig. 4 b) . The degree of cytotoxicity was dependent on the number of Nef-expressing effector cells, with an optimal ratio of 1 : 1 and 1 : Z for effectors expressing Nef plus Env and Nef plus Gag, respectively.
To examine whether the phenomenon mentioned above is generally observed, we monitored cytolysis using several human CD4 + T cell lines and unprimed PBMC as targets. As shown in Table 1 , cytolysis by effector cells with Nef plus Env and Nef plus Gag was observed for Molt4 clone 8, CEM, and unstimulated CD4 + T cells from PBMC, but not for the other T cell lines and CD8 + T cells (4 h assay). None of human K562, U937, Raji and mouse P3X63 cell lines were killed by Nefexpressing insect cells (data not shown). Next, we used signal sequence-bearing Nef (s-Nef) for this assay. It should be stressed that insect cells expressing s-Nef on the cell surface also showed strong cytotoxicity against the same spectrum of CD4 + T cells (Table I) . When effector cells expressing Nterminally truncated and unmyristoylated Nef were used, no significant cytotoxicity was found (4 h assay) ( Table 1 ). In contrast, insect cells expressing Env or Env plus Gag showed cytotoxicity against all CD4 + T cells (16 h assay) ( Table I) . These results indicate that Nef protein expressed on the surface of effector cells killed a proportion of the CD4 ÷ T cells. The lack of Nef cytotoxicity for various other cell types is probably due to the lack of Nef-binding to these cells (Otake et al., 1994) .
Since the C-terminal domain of Nef protein was exposed on the surface of cytotoxic effector cells (Table 1) , anti-Nef MAbs recognizing this domain were examined for inhibitory effects of the cytotoxicity by Nef-expressing insect ceils. The E7 and 94~ E9 MAbs partially inhibited the cytotoxic activity of Nef plus Env, and completely inhibited that of Nef plus Gag expressing effector cells (Fig. 5) . The inhibition was possibly due to preventing Nef from binding to the target cells. The F1 MAb, which recognizes the N-terminal domain of Nef (Otake et al., 1994) , and control IgM, did not inhibit cytotoxicity at all. Cytotoxicity by effector cells expressing s-Nef was completely inhibited by E7 and E9. Thus, we concluded that the cytotoxicity against CD4 + T cells was induced by the Cterminal domain of Nef, whose expression on the cell surface was dependent on co-expression of Env or Gag.
Discussion
Consistent with our previous finding in HIV-l-infected T cells (Fujii et al., 1993; Otake et al., 1994) , the C-terminal domain of Nef protein was identified on the surface of nef recombinant baculovirus-infected insect cells (Table I and Fig.  1 ). While Nef expressed alone remained inside insect cells, Nef was located on the cell surface efficiently when co-expressed with Env or Gag (Table I and Fig. 1 ). Cell surface expression of Nef occurred in parallel to that of Env or Gag protein (Figs  2 and 3) . N-terminally truncated Nef was not expressed on the cell surface at all, even when Env or Gag protein was coexpressed (Table 1 and Fig. 1 ). Normally, myristoylated Nef protein is located at the cytoplasmic membrane (Franchini et al., 1986; de Santis et al., I991; Yu & Felsted, 1992; Kienzle et al., 1992) , but it has no obvious signal peptide or transmembrane domain. Although it is not clear from structural analysis, Nef may have some domains which contribute to its location at the cell surface. If there are no such domains in Nef, cell surface expression of Nef requires some extraordinary mechanism topologically. Gag precursor polyprotein of murine C type virus is also believed to be expressed on the cell surface (Edwards & Fan, 1979; Ledbetter, 1979) . In addition, it has been shown that the majority of Nef is located inside the Golgi and this localization corresponds exactly to that of Env gp120/160 (Ovod et al., 1992) . Thus, it is likely that Env and/or Gag proteins are responsible for transferring Nef protein from the cytoplasm to the cell surface. Recently it has been reported that Nef is present in virions (Pandori et al., 1996) . This result demonstrates, consistent with our observations, the specific interaction between Nef and the other virion components.
Our present study showed that insect cells expressing Nef on the cell surface caused cytolysis of some populations of uninfected CD4 + T cells (Table 1 and Fig. 4) . Anti-Nef MAbs recognizing the C-terminal domain inhibited the cytotoxic activity of effector cells expressing Nef plus Env and Nef plus Gag. It is very likely that the C-terminal region of Nef expressed on the cell surface is involved in the cytotoxic activity. Single expression of the amino terminus-deleted s-Nef retained considerable cytotoxic activity (Table 1 and Fig. 4) , also supporting the role of the C terminus of Nef for the cytotoxicity against CD4 + T cells. Our previous experiments have indicated that soluble Nef induced cell lysis upon crosslinking with anti-Nef Ab (Y. Fujii et al., unpublished results) . Although Env or Gag may augment cytotoxicity, it seems likely that the C-terminal structure of Nef protein is solely responsible for the cytotoxicity. In fact, sCD4 did not affect the Nef-mediated cell killing, and furthermore, a MAb to Nef inhibited killing by HIV-infected T cells (Y. Fujii et al., unpublished results) .
From the present data, cytotoxicity of Nef did not require activation of T cells (Table 1 ) and a loss of CD4 + T cells was inhibited with anti-Nef MAbs (Fig. 5) . On the contrary, without pre-stimulation of CD4 + T cells, cytotoxicity of Env required overnight incubation (Fig. 4) . Taken together, it seems likely that the Nef induces cytotoxicity in a certain population of unprimed CD4 + T cells rapidly, and that the cytotoxicity of Nef involves a different mechanism from that of Env. Thus, whether Nef-mediated killing of unprimed CD4 + T cells actually occurs in vivo and is significant for the pathogenesis of AIDS remains to be answered.
